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Abstract,

A  II)issi(nl  coIIc(:I)t  bawd  011 aII ultra-  staldc  frcquc]]cy  staIIdaId  aIId  a  II IIIlti-b  CaIII

(:()]l]]]]ll]]i(::~ti()]ls  systlc]ll  i s  (lis(nlsscd. ‘J’llis  IIlissioll  i s  il)tclldcd  to study  II;ilistcil)’s

l’;(lIIiIJ{Il(:)l(:(:  1 ‘rillcil)lc  alId scadI fol l o w  fm]llcllcy gltll’it:]tioll:ll  wlvcs. ‘J ‘lIC col]co])t

t to COIIfOII II wit]l  tlI(I  )(:(l~li)(:llt(:llis  o f  N A S A ’ S  SIIIalli s  lmscd (HI a  sIIIall  IIlissioll  sc

I’;XIJOICI  Missim)  ]nwp,raIII.

1. l]]llrocll]cl)ion

‘J ‘lIc II lost cdcl)latc(]  Mt o f  rclatlivit)y  with  al) atoll)i(:  frc{lllcllcy  Stlal  Idard  ill SIX](:C

i s  tllc  cxlmil]lcli  rcfcmxl to a s  (;1 ‘ A ,  Iwf(HIII(xl  ly Vcssot  aIId (:c)ll:IIJc)I:Itc)Is  [1] Rt

tlIc S1llitllso~)iaI1  Astm])llysical  ol)s(:I\~tItoIy.” ‘1’l)is cx]mill)(:llt  ilwolvcd  tl)(: flig;l)t  o f  a

lIydIop,(:II  II Iascr  011  a  ScoIIt lo(:kct  ill a SIII ) ml )ita] tl:),j(:(to~~~.  II I  sl)it(:  of tllc  fact tlla{

fllis  first  “ s]mcc)’ c l o c k  d i d  I~ot acl)i(wc  a]) orl)ital  tr:ljc(:t(ny,  it IHdIIc(xl  a w(:altl)  o f

i] lf(n’lllatioll  ~ aII(l  l)] Hcc(] SOIIIC strillg(!lll  ]illlits  011  viirious  ]mra]rlct(!rs  of t]Ic rchtivity

tlIcory.  III fact tll I(: lill}it s e t  l)y  tl)is cxl)(:riIII(lIt  01] tll(: :,1:11’it:ltiol):il  lulsllift  l)mdi(:ti(nl

o f  tll(: (;(:II(:I’:11 l{clativitlj~  s t i l l  stal)ds  a s  tllc lt)ostj  accllrntc  (:xl)(:liltl(:Ilt:ll  l e s t  o f  tl]is

])ldict,ioll.

1  )csl)itc  tlIc SIICCCSS  o f  G] ‘ A  II() otll(n cxlmilt)cllts  il)volvillp,  Illtr:l-st(ll)lc  atolt~ic

fr(!qu(!llcy  sta~l(]ar(]s  ]Iavc ]mII lNrf(mIIcd  ill SIMCC.  [2] ‘~’]lis  s] IoIIld 1 K! surjn’isil}p,  g,i~wl

that  s(m  I() of tl)c III(N cxa(:till[),  tcsls  of l)llysica]  tllwrics  lIIay  olIly 1 w lmfont  Id wit]]

atml ~ic frcqumlcy  st}al]dards  iki tllc  CI IVi YOI III l(:lltl  o f  SIN)CC. Slmcc i s  [1 vcly suit,  al)lc

(:ll~’ilc)lllllcl]tl  for at(nl)ic  clocks  wl)i(:ll  cxl]il)itl  s(:l)sitivity  to vilmatiw},  imt Ilmatur(!

flllc:tll:ltic)l)s,  aIId ]rlag]]ctic  fid(l variatio]}s. Si]]cc ato]t]ic  frcquc]]cy  sta]lda]ds  ( c l o c k s )

]Wo(lll(:c tl}](! ]Ilost  ])rcciscly  ]IIcasl]r:Il)lc  ])l]ysic[]l  ])araII  Ict,crs, i . e .  ii) II(I aII(l fr(quul(y,
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flyil]g  all ultra- stal)lc stalIdard  ill s]xicc w;]] ]movjdc tlIc o])]mtIIIIity  to ]mfor]tl  SOIIIC

o f  t] ic lmstl  sm)sitlivc  tjcst)s of ])1137si(4al  tllcmjcs.

11] s])itlc  o f  tlllc wcigllt,  of sud) ar:,ullmltjs,  (Iwo otl)u illl])ortallt  collditiol)s  l]]ust l)c

lllct  l)cfol’c  flying  :11) ultra-s  tal)]c  clo(:k  ill s])acc call  1x: rcaliyd. l“imt  tllc  cl):ilflct(:listliq

Il)ass  a]td ])owcr lc{]llil(:l])(:llt,s  of Illc clock SIIOUI(l  1)(: lnOI@Itl  i] I li]]c wit,]] t,l Ic collstraifs ,‘)
])l~lccd  o]] ~)t,llm  s])acc  scim)cc  illstrlllllcllts. ‘J ‘yl)ica]  ]t]ass  of s])ncc  fields al]d ]):lr(lic]&

illstrllltlclltk’  a~q ill tll]c vicillit~~  of  1  ( )  {0 I L kfI,,/’ wl]ilc  a  s])acc  w:rsioll  of Illt,rtl-st,[ll)lc

ll)~(llo~cl]  II]ascr  clocks  could  }Iavc a ltlass  lallg;ll~,  froltl  55 to 75 k g .  [ 3 ]  ‘J’l Ic l])ass  for

S]MCC scicll(’c  illstrllll}cllts  is a ])altliclllnr]y  illl])ortal)tl  critcriol]  sil)cc tfllc culrcllt  tlrcll(l

ill sj)acc n)issimls  i s  tlmvards  tlIosc  that  aIx: wry  sIIIall,  nnd  II1OIC  afl’(wdal)]c.  SccoIId,

tllc  wsc for tllIC sigltifimllcc  o f  tllc scimltific  l)ayofl’  o f  tjlIC l[lissio~l  slIoIIld  lW stJwlI~,

cllougl)  to Coltllx:tc  wjt]l  oihm  outsl:ll]dill(;  ]) Io])osals  ill sJ)acc scio)cc  i?l~~cst,i~,:lt,ic)lls,

III tlllis  lmlw  w c  w i l l  ~,jvc  a lmicf  dcscril)tioll  of a SINICC  f l i g h t  IIlissioll  lmscd 011 all

llltr:]-shl)lc  frcqua)cy stl:lllda)d  a])d  a  stal )lc, I] llllti  I)UIII]  (:oltllltlll}i(::ltlic)~l  syst)cl]l  fol

s])acc  t,cstls  of l{dat,ivjty.  [5] ‘] ‘]]c collcc])t,  of t,]]is “ clock )11 jssic)ll’) i s  IIlotivatcd  ill ])arl

by tllc  11cu7 S]MCC  lllissioll  ])atf~diglll  of  NASA, cltcourn~,illp, s]))al], low cost s])adligllts

Ill]dcr  tl)c SII)all  l’;x])lom IIlissiol)s  (SNII’;X)  I) IO:,HIIII. ‘1’llC  si141’X ]H’op,l’alll  Sll])])(n’ts

II)issimls  wllic}l  cost IIO II IOrC tltal)  3 0  ltlilliol]  d o l l a r s  aIId {akc 110  IIIOM:  t,lla]l  t,llrcc

to f i v e  ycaJ’s  frmll  illcc])tim)  to lall]tcli. ‘J’l)is sl)ollld  l)c colltrastd  wjt]l  larp,c  IIlissioll

co]]cc])ts SUCI1  as \~oytIgcr  aIId Cassiili  wllicl]  w o u l d  tlakc  as  ]mtg as  fiftccll ycnrs  fro]]]

il}ccl)tioll  to lalll)cll,  :IIId would  cost,  UINWIIYIS  of OIIC })illiol)  d o l l a r s .

‘J ‘lIC collcc})t i s  a lso  bad m) t)llc mm]t  dcvdolnliolts  ill  IIIC tral)lml  iml  frcqumtcy

st, a] Idards  wl)ic]l  llavc  ])oilltcd to tllc ])ot,m)t,ial  fol all  ult,ra-st,  al)lc clock ~t’jt,li  I]]ass

of al)ol]t  5  kg> a])d ])owm  lo(lllil(:l])[:lltj  o f  l e s s  ijl]aJI  1 5  W .  [ 4 ]  ‘ J  ‘I]c clock dcscribcd

i]) Illlis  ]m])w w i l l  u]al)lc  il)}~(:sti~;[]tliolls  o f  l’;illstcill’s  l{clatjivit~~  tllcory lmwidillg  IICW

filldillf:s  to clllcidatlc  llIc dolllai]l  of its wlidit~’. ‘J’l)c c)~p,:llliz:]tic)ll  of tllc }HIIW  illcludcs

a  dcscri~)tfioll o f  tfllc sciulcc colltlcllt  o f  tfltc ltlissioll  ~ followd ly aII olltlillc  o f  tl]c

il)stmllllcl)tl  col~sistlill~,  o f  tl)c clock al](l tllc (:oll)l])lll)i(::ltiolls”  systcltl.

2. G(!llc!l’a]  1 )(!scl’ipl)i[)ll
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‘1 ‘lI(! scio]tific  i~l~’c:stip,:ltic)lls  wit]]  tllc  “ clock ] Ilissioll” w i l l  lm lmsd  m] a ]mfol-

]IIaIICC (:c)ll(:s])ol)(lill~,  to frc(]llc!IIcy  stal)ility of 1 xl ()- 1:’ ,

3, ‘J’cstls  d 1411c l’kjIIivalcIIcc  l’ri]lci])l(!
1,,> . ‘ iI

II)il)stci]i<  IIkjuival(:ll(:(!  1 ‘ril)ci])lc  is ai tl]c f’olllldatiol]  of tflIC ~cmllctric  view of gc3l-

cra]  rclativitl~~l  slid  a l l  otjllcr  IIlctric tllcmics  o f  gravity. Naturally, tll(!ll, 1’:1’;1’ lla’i
1)(:0) tcstc(l ill a 1)111111)(:1 of cx]mi]tlcllts  w]](m) (I(:viatio]ls fmIl ])r(!dict)iolts  of g(:II(!I~Il
r(:lzltfivit)-y  IIavc l)(ml s(m~,lIt. ‘J ‘II(I cx])(!lilrl(:llt:ll  t(:sts of tllc (xluivtll(!li(:(:  ]will(:i])l(! IIawc
a(l(ll’css(!d 1!11(! 1111’(!(!  as])(!(’.t?s of 1(;1(:1  ‘, I]]c 10(211  IJorcl)lx  ilmriallcc,  local ])ositio]l  ill-

varitl~lcc,  aIld  tlIc w e a k  c(juivalcl)(:c ]mill(:i])lc.  [(i] ‘1 ‘lIC first ty])(! of,,(:xl)clil]l(:)]t,s  t,t!st, t,]l(:  F i
isotro]rj  of IIllclcar m]crgy l(!vc]s, or tfl IC isotw]ry of tlllc s]xw(l of li#lt  i~l aII cx~lllli--
IIalioll of tlI(: d(:glw(:  of violatiml  of 1 ,olclItz  il)val-itillc(!  (1,1 ,1) f’Io]II  clcctroII Iag]lctis]]).

111  tlIc sccolId c l a s s  o f  t e s t s ,  g]:ll~it:ltic)]l:ll  mlsllif[  cx]mi]l]c])ts test  tl]c dcgtw  of dc-

viatjiml  o f  tllc rcdsl]iftl  frolll  t)llc ]mscri])tlio]]  o f  ]I]ctric  tlllcorics.  l“i]] ally  ill t,l)c  tl]ird

class  of cx]mi)]]c]djs  tfl IC dcviatio])  o f  tllc i]lcrtial  II IW+S  I 0111  tl]c f,l:i~~it:ltic)]]}ll  II IaSS i s“’f’”

cxall)i]ml  v i a  tl)c l’;ikvtk  tfyj)c cxlmi]llc]lts.

‘J’] ICSC ])rcviolls  tests of 1’;1’;1’  llavc  tl]nls  fa] u])l Icld  al] ]ndicatimls  of ]t]ctric: tll}coriw

of p,ravity;  yet t)llcrc  is mlcsvcd  i]itcrcst  i]] scd{illp,  a lilllit  wl]crc}ry  tllc gcolllct,ric  v i e w

of gravitatfioll  fails. ‘llllc  i] Itcrcstl  ill IkIOIC cxactlil)g tests of ltltl’ St,(u]ls frolll 1’(!(:(!1 It
tlttjcltl])tls  to folllllllatc  z] tllcory  o f  c]llalltlll~l  $,ravity,  al id a  tllcory  fol t)llc  Ill)ificat)iol]

o f  tl)c gl:ll~it,titioll:ll  f o r c e  wit]]  otlllcr fulld:tli  Imltal f o r c e s  o f  IIat um, wl~icl]  lmxlict  a

failllrc  o f  Lllc n)ctric  vim o f  gravity  ll]Idcr  ccrtai]l  lilllits.

‘ J  ‘I]c ])ro])oscd  ~]lissioll  i s  illtclldd  10 ad{lrcss  tllc  tmt o f  1’;1’;1’  ill  a c’.c~ltl])~c:llc~l)si~~c

IIlall?lcl’. l’irstly, III(! orl)itla]  ])lIasc of tl)(: IIiissiol)  will iliclu(lc  IIJ(:ElSIIIC:IIICIItS  of tllc
Idsl)ift  to il)l]mwc tlI(:  ]Hw(!lIt  lilt  litls  1 ry <I factor  of’ 20. S(x:(m(lly, tflt(: II IcrcuIy ion frc-
(]llCI Icy stlal]dard  will 1x: IISd to col II]NIrc  fm]l]olcics  d e r i v e d  fro]]]  Imtll  tllc  II IcIrury

isoto]m 199 aIId 201  to dircct]y  t e s t  IOC:I1  1 mrc]ltx  i]]v;]ria?)cc  ill o]l)it.  ‘ J  lIIC ])ro])oscd

t e s t  wjll  cxalllillc, for tllIC filsl tli]]lc)  tllc dc[:rcc  o f  s]mtlia]  a]]isotrq)y  ])rodIIccd  l)y

tllc l’;:lrtl](s  ficl(l.  ‘J’llis  wjl] l)c a] I i]tllml:ll]t cx]mj]l]c]li  ill co]]]]cctio]l  wjtll t e s t s  of

])o])l]]chjc  tll)corim  of  ]]lcdill]I]  IHIIp,C) ill colltr:wt  to tllc cssclltial]y  illfil]itc  ra]]gc  tlto ,

orics  to wl]icl]  ]ncyjous  ml miltlcllts  uwc sm]sitivc. Nolllt]ctric  tllcmics  wit]] ~tlcdiulll
((, , \

a] I(I s]lortl  rm ]~;o c)f.})?lltll(:lllzll.l~~  il)lI)ol”tal)tl  to cclhlill  stlrillp, illcorjcs. 11’illally, results of

tests of vio]atiohs  of 1’;1’;1’  ]mvidcd  with tl)is  II)issio]t  will co]l]]dclt]cld  rwwlts  cx]xx:tcd

wit,]) S’J  ll;l’ ]Ilissioll,  :HId will t e s t  tllc  Scllifl”’s  co])jcct,~lrc.  [6]

4. Scare]] for ]Jow l“rc!quc!llcy  (J1.:lvi{,:it)ic~]]:~l  Waves

(J]:ll’itfitlio]]:ll  w a v e s  am a ]mdicat iol] of l’;i]lstci~s  fidd cquatimls,  as d] a s  a l l
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i]] t]Ic rolalio]] rak  of bi?lal”y II]i]lis(!(’.ol  I(] ])lllsal’s.  N(!v(!rt]I(!]css  a dir(!ct  o~)s(!rvalim)  of

5. ‘1’1)(:  IJ1’cqll(nwy  Sialldard

111 Or(l(:r to fulfill tll(: sci(:lltific p,(l(Ils  of tllc Illissio]l  Witllil  I t,llc (:ollst,rajllt,s  of IIIaSS

alI(l ]mwr l)lldp,(:tls,  a II)o(lifi(d v(:rsioll  of tll(: lIIcmlry  ion sta IIdard lIas 1 wcl I (I(:sigllcd.
‘1’llis  il)st,rllll](:llt,  is faslliollc(l  aftcl  tll(! sllllttllc tllal)  l)l(:l~iollsly  d(xril)(xl.  ‘J’II(! s])(:cific
II lodificatiolls of tl)(:  (I(:sjgl]  ova tllc SlIIltt41(: tra] ) arc i~ltcll(lcd  to la](() a(lv/11  Ita:,(! of
tlll(! Vaclllllll  of S] N1(K! , and to :l(:cc)ltlltlo(l:lt(:  tll(!  s(:i(:ll(w  ol)jcct)iws  for t,l I(: colll]mrisol]
of tlllc frcqllcll(:ics  of t}lc  tj}vo  isot(q)(!s of lII(:rcllly al 199 {111(1 201.

IJicurc 1 is th(: sclm]l atic (lia~ra]l~  of III(: (hlo clock for tllc lllissiml.  ‘1’11(: ion tra])
is a tjllr(x S(!$IIICIIII v(:rsioli of tllc scct)(w  tlrti])  ]wcvi(msly  dcscril  d. [4 ,  9] ‘.J’IIc out,cr
scg)]l(nlt,s  arc for tjll(: ~)roductiol]  of ions) tl](: (q)ti(:al  lm~[l])ill~,  of tll(:  lower ~,rolllld  state
lly])(!l’fillc  I(!V(!l ~ aII(l tllc ol mrvatiml  of tlI(:  clock tr:lllsitiolt. ‘1111(1  )I)iddl(:  s(:p,ltl(!llt  is
tll)(: illtl(:ra(:tlim]  mIIC wlIcrc tll(: i(n]s arc ina(liatl(d  w’jt,]l tjllc  II IicIowavcs  to il~(lll(x: t,]l(:
clo(:k  trallsitliol).  l’;acl  I olltm s(:g]tlcl)t  II:IS its (NVI  I (J(xtloll  SOIIICC  aIId II ICIWIry  jsot,()])(:

sollmc  to ])ro(lu(:c  t,llc iol]s of tllc (I(:sir(x] isotol)c.  ‘J’11(: o]x!rat,  io~) of tll(: clock ii](:]ll(](!s
cyc:l(x+, colil]wjsill~,  of tlll(: c,mati(n~  of’ 199 jsoto])c” i(n)s ill tlt(!  left s(:glll(:lltl,  alI(l t,llcjl
ol)ti(:a] ])llltl])illp,  ill tlllc  lmvcr groIIII(l s t a t e  IIylmfil)(: 1(wc1, follmv(xl Iry slillttlil)g o f

,,
//



tJIc  i o n s  10 (1](: cclltlcr  scgll]cl]t  for il)lclactiol]  wit]]  4 0 . 5  Gl]z radiatiol)  lndu(:cd  l)y

a 10{::11  o s c i l l a t o r .  Wllilc  11)(:  1 9 9  isd(qx! jells  ar(!  ill tll(: cclhal  tjJa]), 201  isotlo]x:  jells

arc CI(!atl(:(l)  all(l  o])ti(:ally  ])UlIild)  ill tlI(: right)  1]:]]]{1  SCp,I)](:IItj, 11)  tll(! II(!xt Cyc](!,  111(!

199  isotlo]w jol)s a r c  Slmtftld  l)ack to tll(: l e f t - l ] a l l ( ]  scgl]lcl]t  f o r  i]ltc]lop;i]tic))],  wlti]c

tlm 201 isoto]w ions  arc s}nlttlc(l  il]to  tl)(: c(!]Itral

rad  iatiml ] mduccd  by a seem ](1 local (mill  atl(n”.

s(:gIt Icnt  {0 i]ltcract  with ;30 G] 1 z

i
“,..=- -

2,6 .,,,

x

k----—– -———---  -- 26 cm — — .  — . .
+ I

I 4.. !J 1

E ?<1  V,.,.

sclm,,,atlc  diagram of the  seg,,,e,,tcd  ,ecto,  trap for the  clock  n, b,lc,n

‘I’]](I cclItral  s(:p,l Ilcl It of” tll(!  tlrHI) js isol:~tcd  witull  t<] Ircc l:~ycrs  of IIlnp,)lctic.  slIidds,
wlli(:]l  (xtcl]d  l)cyo]](l  tl]c c(}l)t)ra]  r(!gioll  to 1(:(111(:(:  a x i a l  ficl(]s  wlli(:l]  Illigllt ])ml(!trat,c

illtlo tl]c illtclactioll  r(:giol). A])  axial coil ]Hdu(:(:s  Ilic II)a$,llcti(:  ficl(l ml lIIC axis of
t]](! (:(!lh’a]  {J’s])  for t])(! ]M’()]w co]ho] of t]](: ~(!(!lll:lll  SU1 )] CVC]S. A])]mq)riatc  olmli~]:,s

ill tl]c two o u t e r  scgltl(nks  allow  tll(: il]tlo(ill(:tfiol]”  of tl)(: uv lif;lh,  gcllcratlcd  l)y  a laIfI ]}.

lsoto]x;  2 0 4  o f  IIIcrcury  w i l l  1.)(: US(X1 ill tll(: la]t]I)  to g(:llcrat(:  tll(! uv ]mltl])ilt~, l i g h t ,

si] wc li~,lltl  frm~l tlllis  isotlo]m  call  (x(:itc }mtll  tjllc l{):’llg-l  al]d ‘(’lllg’l  .  IIclillltl  l)ufl’cr

g a s  w i l l  o]tcr tll(: tra])  frolll  O])C  of tll(: m~(l rcgio]]s. ‘J’}lc s(xkor  d(!sip,ll a]]d tlllc  s i z e

o f  tll(! o]mlil]g  w;lldmvs  allm~~  {lIC lll:lillt:lill:lll{c  of a l]cliu]]l  lm(kp,rollll(l  i n ’ c s s u m  at,

almut] 1 ( ) ”  6 ‘J’(m, wlli](! t)l](: slm(x: va(xllll]l  lmwi(lcs  colltilluo~ls  ])ulll]~illg.

1]] tlllis  li]al]])cr  two stal](lmds  Im(!(]  ()]I IWlg-1  all(] ’01 IIg”i  will o]matc  silllultallc-

olls]y.  ‘J ‘11(: frcqu(nl(:)~  dcrivc(l f’IolII  (m(:lI stalIdar(l will 1)(: lls(xl to olxwrvc  a drift wit,]) a
si~l)at,llr(!  (:oll(:sl)oll(lillg”  {O tlllc orl)ita] ]xnjo(l of tll)c s]m(:ccraf  ’1. ‘1 ‘Ilis olmrvatiol]  will
last, t,]lilt,y days aIId data w i l l  1)(:  il]tcglat,c(]  alI(l  fili(:lcd to IIlaxill)izc  scllsit)ivity. 111
tl]c ]]cxt tllirt-y da-y ]miod tlIc oriclttatim]  of 11](: two clocks  will bc rotat(x] to ilrilmw(!
t)llc (Ictcc.tim] sc})sitivity  of ally al~isotr(qry  (luc to lhrt  11’s gravit~~.

Af(cr  tllc orl)ital ])lIM(: of tlIc cx]mill]cld  is co II~]dct(xl, a-1](1  tllc s] mcc(mft  is il)-

s(:rt,c(]  ill a (l(:C]) s]mcc  tlr:lj(!ctory,  Ol)ly ollc o f  tll(: old{  sc~,lll(:llts  w;ll  o~)(nat)c  wit,])
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(1?1111!  s’ystclIl for 111(!  (!lcctjro]l  Solll’c(!  :111(1 111(!  lalll]).
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